A crucial issue in neonatal medicine is the impact of preterm birth on the developmental trajectory of the brain. Although a growing number of studies have shown alterations in the structure and function of the brain in preterm-born infants, we propose a method to detect subtle differences in neurovascular and metabolic functions in neonates and infants. Functional near-infrared spectroscopy (fNIRS) was used to obtain time-averaged phase differences between spontaneous low-frequency (less than 0.1 Hz) oscillatory changes in oxygenated hemoglobin (oxy-Hb) and those in deoxygenated hemoglobin (deoxy-Hb). This phase difference was referred to as hemoglobin phase of oxygenation and deoxygenation (hPod) in the cerebral tissue of sleeping neonates and infants. We examined hPod in term, late preterm, and early preterm infants with no evidence of clinical issues and found that all groups of infants showed developmental changes in the values of hPod from an inphase to an antiphase pattern. Comparison of hPod among the groups revealed that developmental changes in hPod in early preterm infants precede those in late preterm and term infants at term equivalent age but then, progress at a slower pace. This study suggests that hPod measured using fNIRS is sensitive to the developmental stage of the integration of circular, neurovascular, and metabolic functions in the brains of neonates and infants.
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fNIRS | infant | preterm | Hb | neurovascular B irth is a drastic event for the developing brain, because this is when the oxygen supply switches from the fetal-placental circulation to an autonomous system. In addition, the extrauterine environment begins to provide the neonate with a tremendous flow of stimuli. Earlier exposure to the extrauterine environment is thought to influence the developmental trajectory of the brain. It has long been known that preterm birth affects brain development and is associated with a higher rate of neurodevelopmental impairment (1) . A growing number of MRI studies have shown that preterm-born neonates and infants have brain structures with aberrant volumes, morphologies, and networks at term equivalent (2, 3) and school age (4, 5) . Studies of resting-state fMRI have also shown that the functional connectivity of the cortex is different in term and preterm infants (6) . However, it is a matter of controversy whether neonatal MRI of the brain can predict long-term adverse outcomes, such as minor neurological dysfunction (7, 8) . Given the fact that preterm birth before 37 wk of gestation accounts for more than 10% of all live births (9), we need a practical and safe method to detect the status of brain development in newborns.
The development of the brain involves underlying hemodynamic and metabolic changes (10) . Near-infrared spectroscopy (NIRS) has been used to measure cerebral blood concentrations of oxygenated Hb (oxy-Hb) and deoxygenated Hb (deoxy-Hb) at the bedside and estimate cerebral blood volume, oxygen saturation (SO 2 ), cerebral blood flow (CBF), and cerebral metabolic rate of oxygen (CMRO 2 ) in neonates (11, 12) . Previous studies in premature infants indicate that SO 2 decreases with chronological age (CA), regardless of gestational age (GA), and that CMRO 2 increases with postmenstrual age (PMA). These findings suggest that circulatory development occurs with increasing CA and that neural development proceeds with increasing PMA (13, 14) . Although quantitative assessments of CBF and metabolism have been intensively studied in typically and atypically developing neonates and infants (15) , the development of the dynamic properties of hemodynamics and metabolism remains to be uncovered.
In the mature brain, neural activity induces both regional CBF and oxygen metabolism (16) . The typical hemodynamic response to neural activation consists of an increase in oxy-Hb and an almost antiphase decrease in deoxy-Hb. As a method of neuroimaging, functional NIRS (fNIRS) has been used to reveal the hemodynamic response to stimulus-induced cortical activation in young infants (17) (18) (19) (20) (21) and preterm infants (22) . fNIRS has also been used to study the functional connectivity of the cortex using temporal correlations of spontaneous low-frequency oscillations (less than 0.1 Hz) of the Hb signals in multiple regions of the cortex in infants (23) (24) (25) . Although both oxy-and deoxy-Hb signal changes represent hemodynamic responses to neural activity, the relative phase between the oxy-and deoxy-Hb signals reflects complex interplay among neurovascular and metabolic processes (16, 26, 27) . Studies of the spontaneous fluctuations of oxy-and deoxy-Hb in the cortex of sleeping infants have shown the presence of stable phase differences between oxy-and deoxy-Hb signals (25, 28) . However, limited information is available regarding age-dependent changes in Hb phase differences in typically and atypically developing brains.
According to a model used to relate the tissue concentration and saturation of Hb to hemodynamic and metabolic processes (26) , in-phase oscillations of oxy-and deoxy-Hb are associated with changes in total Hb concentration in the blood and partial blood volume, whereas antiphase oscillations are associated with changes in SO 2 in the blood, the CMRO 2 , and the speed of CBF. The superposition of these signals predicts only in-phase or antiphase patterns of oxy-and deoxy-Hb changes. To predict
Significance
We propose time-averaged hemoglobin phase of oxygenation and deoxygenation (hPod) measured using functional nearinfrared spectroscopy as a method for the detection of the developmental status of the hemodynamic and metabolic processes of the brain. hPod values exhibit initially rapid changes from in-phase to antiphase patterns in neonates and infants. These changes become more gradual in later development. We also describe the impact of early preterm birth on brain development.
intermediate phase patterns, signals originating from different types of vasculature, such as arterioles, capillaries, and venules, have been superimposed (26, 29, 30) . Theoretical considerations of hemodynamic and metabolic processes in different types of vasculature suggest that phase differences between oxy-and deoxy-Hb changes provide important information regarding the structure and function of the neurovascular system.
In this study, we refer to the time-averaged phase differences between spontaneous oscillatory changes in oxy-Hb and those of deoxy-Hb as hemoglobin phase of oxygenation and deoxygenation (hPod). It is assumed that hPod is sensitive to the complex interplay between neurovascular and metabolic changes and developmental status. We hypothesize that hPod may be used to detect subtle differences in development between term-and preterm-born infants without explicit clinical issues. We also show theoretical considerations for understanding the mechanism of changes in hPod.
Results
An NIRS instrument (ETG-100; Hitachi Medical Corporation) with 10 measurement channels (five channels in each hemisphere) was used in this study to detect relative concentration changes in oxy-and deoxy-Hb (millimolar·millimeter) with a 0.1-s time resolution, from which hPod was calculated (SI Materials and Methods). When the neonate or infant was in natural sleep in a dimly lit room, he or she was held by a nurse or measurement staff. The measurements began after the NIRS probe was placed around the infant's head. Data obtained from 100 infants, including neonates admitted to the neonatal intensive care unit (NICU) of the University of Tokyo Hospital, were used for the final analysis of the study (Materials and Methods, Data Analysis). The infants were categorized into three groups according to their GAs at birth: (i) 24 term infants (GA ≥ 37 wk, range: 37-41 wk), (ii) 32 late preterm infants (34 wk ≤ GA ≤ 36 wk), and (iii) 44 early preterm infants (GA < 34 wk, range: 23-33 wk). To examine typical development around 2-4 mo of age, data from 59 full-term healthy infants were also analyzed in the study. The characteristics of the infants are shown in Table S1 .
Measurement and analysis times for each group are shown in Table S2 . The measurements lasted ∼7 min in a room at the NICU for infants in the hospital. They lasted 10 min in an outpatient care room for infants who were out of the hospital and the control infants ages 2-4 mo. We detected periods containing motion artifacts in the oxy-and deoxy-Hb time series data and excluded them from hPod analysis. Thus, a value larger than 3/2π indicates a pattern close to an in-phase one, whereas a value smaller than 3/2π indicates a pattern close to an antiphase one. Each group's dataset (combined term plus control, which is referred to as "term," late preterm, and early preterm) was fitted using a logarithmic trend line. We calculated developmental curves for hPod as a function of PMA (Fig. 1A ) (R 2 = 0.70861, 0.58153, and 0.13753 for term, late preterm, and early preterm infants, respectively). In the same way, we also obtained developmental curves for hPod as a function of CA (Fig. 1B ) (R 2 = 0.66871, 0.69471, and 0.24867 for term, late preterm, and early preterm infants, respectively).
Each of the hPod developmental curves indicated a decrease from a pattern close to an in-phase one to one close to an antiphase pattern. As shown in Fig. 1A , the developmental curves in the term and late preterm groups (Fig. 1A , blue and green lines, respectively) have an initial rapid decrease and a subsequent slow decrease in response to increasing PMA. The values of hPod in the early preterm group (Fig. 1A , red line) are relatively low before a PMA of 40 wk. This result suggests that, because neonates/infants in the early preterm group have lived longer in the extrauterine environment at the time of the measurements, the developmental change in the hPod value may be a preceding event. However, the hPod value in the early preterm group is eventually overtaken by those of the other two infant groups later in development. The same dataset rearranged as a function of CA reveals that all three groups have similar initial decreases in the value of hPod as shown in Fig. 1B . Remarkably, this finding suggests that an initial rapid decrease in the hPod value depends on CA rather than PMA. After the neonatal period, the hPod values in the term and late preterm groups continue to decrease gradually with increasing CA, whereas the rate of the decrease is slow in the early preterm group.
Longitudinal measurements were performed in 4 term, 9 late preterm, and 10 early preterm infants starting from the neonatal period up to 6 mo of CA (Fig. 2) . The measurements were completed two to four times for each infant (Table S1 ). These longitudinal data indicate the presence of developmental patterns similar to those obtained using the cross-sectional measurement in Fig. 1 .
To investigate developmental properties immediately after birth, we focused on the data obtained during the neonatal period, which were measured between 34 wk, 0 d and 43 wk, 6 d (PMA). Individual measurement data for infants in each GA group (i.e., term, late preterm, or early preterm) were catego- Table S3 .
To investigate group differences in the vector values of hPod during each measurement period, we performed a WatsonWilliams test (31) , and to determine which group combinations were significantly different from the others, the Tukey-Welsch procedure was used (SI Materials and Methods, Data Analysis, Statistical analysis). At 37-39 wk (PMA), statistical analyses revealed a significant difference in mean hPod values among three infant groups (F[2, 44] = 4.454, P = 0.05). A multiple comparison showed that the mean hPod value in the early preterm group was smaller than that of the term group (P = 0.05). A significant group difference was also observed at 40-43 wk (PMA) (F[2, 27] = 11.513, P = 0.001). The mean hPod values in the late preterm group and the early preterm group were smaller than that of the term group (P = 0.01 and P = 0.001, respectively). These results indicate that preterm infants have more antiphase hPod values compared with term infants at the same PMA. At 34-36 wk (PMA), the hPod value in the early preterm group was smaller than that of the late preterm group. However, this difference was not significant (P = 0.123). The data obtained immediately after birth indicate that a rapid change in the hPod value from an in-phase to an antiphase pattern depends on the CA rather than the PMA.
We analyzed all of the data, including those obtained during the neonatal period and in early infancy. Individual data points in each of the GA groups (i.e., term, late preterm, and early preterm) were categorized into the three following CA periods at the time of the measurement: (i) 0-7 wk (from 0 wk, 1 d to 7 wk, 6 d), Table S4 .
Statistical analyses of the data obtained during 8-13 wk (CA) revealed a significant difference in the mean hPod values of three infant groups (F[2, 49] = 9.661, P = 0.001). A multiple comparison showed that the mean hPod value in the term group was smaller than that of the early preterm group (P = 0.001). At 14-21 wk (CA), the group difference was significant (F[2, 61] = 24.164, P = 0.001), and mean hPod values in the term group and the late preterm group were significantly smaller than that of the early preterm group (P = 0.001 and P = 0.01, respectively). At 0-7 wk (CA), no significant differences among the term, late preterm, and early preterm groups were observed. These results indicate that three different GA groups of infants exhibit similar hPod values with patterns close to in phase until 2 mo of CA. In contrast, developmental changes of hPod values toward an antiphase pattern in early preterm infants are slower than those of the term and late preterm infants at 3-6 mo of CA.
As a reference value for the hPod, we performed analysis of adults using the previously published data by Sasai et al. (32) . The mean value of hPod obtained from 20 adults is shown in Fig. S1 . We used a model by Fantini (26) . hPod values of 2π and π correspond to in-phase and antiphase changes in the oxy-and deoxy-Hb signals, respectively. Blue, green, and red circles indicate the data for term, late preterm, and early preterm infants, respectively, and + indicates the data for control infants. Logarithmic trend lines fitted to data from the combined term plus control, late preterm, and early preterm infants are shown using blue, green, and red lines, respectively. 
Discussion
This study shows that the values of hPod generally decrease from an in-phase to an antiphase pattern as a function of age, regardless of the group as classified by GA. This decrease consists of a rapid change occurring at birth and a gradual change lasting during the first 6 mo of CA. The rapid decrease of hPod with increasing CA until 8 wk of age was observed in both term and late preterm infants. The early preterm infants had lower values of hPod in the neonatal periods until 44 wk PMA, suggesting that the early preterm infants had an advanced development. The early preterm infants, however, also had a slower decrease in the hPod value after 8 wk CA. These findings show that hPod is sensitive to subtle differences in blood flow and metabolism, reflecting differential brain development in term/late preterm and early preterm infants with no apparent clinical issues.
In-Phase Pattern of hPod During Neonatal Periods. As shown in Fig.  5 
Rapid Change of hPod from an In-Phase to an Antiphase Pattern with
Increasing CA. The rapid initial decrease in the value of hPod with increasing CA, which is observed in all of the GA groups of infants, may be induced by physiological switches occurring at birth (i.e., "debut" into extrauterine environment). The model suggests that a rapid increase in the antiphase contribution of ΔPO 2 compared with the in-phase contributions of ΔV bv may account for this phenomenon (Eqs. 6 and 7 and Fig. 5) . Although how the fluctuation of ΔPO 2 is generated is not clear, it is likely that the fluctuation reflects the regulation by the circular system, including the lung and heart, which are rapidly developing. In particular, the shift of oxygen dissociation curve (34) to the right induces increase of the antiphase contribution of ΔPO 2 . Thus, it is likely that the rapid adaptation of the circulatory system to the extrauterine environment may affect the changes in hPod. The CA-dependent changes in hPod are consistent with the facts that the transition from fetal to adult Hb starts at birth, regardless of GA, and that hematocrit decreases faster in more premature infants (35) . Note that the hPod value is not affected by the decrease in [tot-Hb] or hematocrit but is affected by the increase in the oxygen affinity of Hb from the fetal to adult type. Previous assessments of CBF and oxygen metabolism in premature infants using fNIRS also showed that only cerebral tissue SO 2 undergoes a decrease as a function of CA until around 6-8 wk, and it was speculated that this observation might be cause by a decrease in hematocrit (12) (13) (14) . According to the aforementioned model, a decrease in cerebral tissue SO 2 is not induced by the decrease in concentration of Hb or hematocrit but is induced by the change in the oxygen affinity of Hb.
As one of the important features of cerebral circulatory control, cerebral autoregulation provides a constant CBF over a wide range of cerebral perfusion pressures. Because autoregulation is not yet fully developed in neonates (36) (37) (38) , it is important to consider whether the development of autoregulation affects changes in hPod. According to the dynamic model of tissue concentration and SO 2 , which is an extended version of the model used in this study (29) , autoregulation contributes to in-phase patterns of oxy-and deoxy-Hb changes. Because these changes are in the opposite direction from those observed during development, the development of autoregulation is most likely not a major factor in the development of hPod. The antiphase contributions of Δα O2 and Δc may also be present, but these effects may be limited because of the gradual development of capillaries (33) .
Gradual Changes in hPod Toward an Antiphase Pattern After 8-wk CA.
After the periods of rapid decrease in hPod values, gradual decreases in the value of hPod were observed in all of the GA groups of infants. These decreases led to the observation of more antiphase hPod values. According to the model (Eqs. 6 and 7 and Fig. 5 ), the recruitment of capillaries leads to higher antiphase contribution of Δα _ O2 and Δc to hPod. Previous studies have shown that a transient increase in oxygen consumption induced by neural activation is outpaced by increases in blood flow caused by the dilation of arteriole vessels in the mature brain (39) (40) (41) . Thus, the mature form of neurovascular coupling is represented as an antiphase pattern consisting of increases in oxy-Hb and decreases in deoxy-Hb caused by blood flow increases in adults (16) and infants as young as 3 mo of age (17) . As shown by the model, the effects of Δα _ O2 and Δc on oxy-and deoxy-Hb concentration changes are in opposite directions. Mature neurovascular coupling leads to Δc playing a more dominant role than Δα _ O2 as a contributor to the hPod value. Although blood oxygenation level-dependent (BOLD) (42) (43) (44) (45) (46) and oxy-and deoxy-Hb (47, 48) responses are controversial during the early development of neurovascular coupling, we speculate that the gradual changes in the value of hPod toward an antiphase pattern may reflect the increasing antiphase contribution of Δc in capillaries with angiogenesis that actively occurs in the first one-half of the first year of life after birth.
We further speculate that changes in capillary blood flow induced by neural activity may be facilitated by the synaptogenesis that may occur in concert with angiogenesis. It is well-known that the synaptic architecture of humans rapidly develops during the first one-half of the first year of life and has been thought to form the basis for functional development of the brain under the vast stream of sensory input from the environment (49) . However, an anatomical study indicated that capillary formation starts between term and 3 mo postnatal (33) . Thus, the development of vascular networks has been thought to proceed in parallel with neural development (50) . Animal studies have also provided evidence to support the interdependence between angiogenesis and synaptogenesis (51) (52) (53) . In a previous study in premature infants, baseline CBF values and the metabolic rate of oxygen increased with PMA but did not increase with CA, suggesting that these changes are based on the gradual development of the neurovascular system (14) . , and Δc indicate changes in partial blood volume, partial pressure of oxygen, oxygen utilization rate, and speed of blood flow, respectively. Upward and downward arrows mean contributions to in-phase and antiphase patterns, respectively. Solid and dotted lines are identical to the fitted curves of term plus control and early preterm infants, respectively, in Fig. 1B . Impact of Early Preterm Birth on Brain Development. One of the important findings of this study is that measurements of hPod revealed the impact of early preterm birth on brain development, even in infants with no apparent explicit clinical issues at the time of our measurements. We showed that early preterm infants had a different pattern of hPod development compared with late preterm and term infants. The value of hPod was lower than that of term infants in early preterm infants at the same PMAs (37-39 and 40-43 wk), suggesting that early preterm infants may have an advanced development of their circulatory processes after birth. However, early preterm infants had a slower development of the value of hPod compared with late preterm and term infants at later CAs (after 8-13 wk). This finding suggests that the structural and/or functional aspects of the development of the neurovascular system may be altered during the first one-half of the first year of life in early preterm infants, although it is unknown whether these infants catch up to late preterm and term infants later in life.
As a different methodology for assessing the development of metabolism in the brain, magnetic resonance spectroscopy has been used to determine the developmental profiles of metabolites, such as a marker of axonal and neuronal development, an energy metabolite, and a membrane metabolite, and indicated that the period between birth and 3 mo of age is an immensely active period in metabolite development (54) . A comparison of metabolic maturation in preterm-born infants with that of term infants further showed that the metabolic maturation in preterm-born infants, at term equivalence, preceded development in term infants but then, progressed at a slower pace and trajectory (55) . This developmental profile found in preterm infants, which is quite similar to the one that we observe with hPod using fNIRS, suggests that preterm birth influences both the early onset of and long-term alterations in the function of the neurovascular system. hPod as a Clinical Tool. Previous studies using fMRI and fNIRS have relied on a single parameter of BOLD, oxy-Hb or deoxyHb, to infer neural activation. However, hPod measured using fNIRS contains integrated information regarding the interplays among the neural activity, blood flow, and metabolism. The stability of hPod is based solely on the timing of changes in the oxy-and deoxy-Hb signals and the relative concentration changes obtained using standard fNIRS devices using diffuse NIR light, which is sufficient to calculate the value of hPod. Measurement of the absolute concentrations of Hb signals, which require frequency-and time-domain devices (12, 56, 57) , is not required to obtain the value of hPod. The measurement of hPod is also based on spontaneous changes in Hb signals in a period less than 10 min and does not require the repetition of stimuli or an assumption regarding the hemodynamic response. Thus, hPod provides information regarding the dynamic properties of neurovascular function in addition to baseline values of physiological parameters accumulated through a large number of previous studies on CBF and metabolism in typically and atypically developing infants (15, 56) . hPod measured using fNIRS is a practical bedside tool, which can be used to assess the developmental status of the neurovascular system of the brain.
Materials and Methods
Participants. We examined 184 infants who were admitted to the NICU of the University of Tokyo Hospital. Neonates or infants scheduled to be discharged from the hospital within 3 d were eligible for the first measurement of the study. One hundred infants were included for the analysis (Table S1 ). They were categorized into the following three groups based on GA at birth: (i) 24 term infants (GA ≥ 37 wk, range: 37-41 wk), (ii) 32 late preterm infants (34 wk ≤ GA ≤ 36 wk), and (iii) 44 early preterm infants (GA < 34 wk, range: 23-33 wk); 4 term, 9 late preterm, and 10 early preterm infants were measured multiple times (Table S1) .
To examine the typical development of hPod at around 2-4 mo of postterm age, 59 full-term healthy infants (29 girls and 30 boys; mean birth weight: 3,132.2 g, range: 2,476-4,270 g; mean GA: 39.1 wk, range: 37-42 wk) were enrolled in the study (Table S1 ). PMAs at the time of measurement were between 47 and 62 wk. Ethical approval for this study was granted by the Office for Life Science Research Ethics and Safety of The University of Tokyo, and the Research Ethics Committee of the Graduate School of Medicine and Faculty of Medicine of The University of Tokyo. Written informed consent was obtained from the parent(s) of all infants before the initiation of the measurements.
Procedure. We began the measurements when the neonates or infants were in natural sleep. Nurses or measurement staff held the neonates or infants, and the fNIRS probes were placed around their heads. We turned off the room lights and made the room as quiet as possible. The measurements were conducted in a room of the NICU when neonates or infants were in the hospital and an outpatient care room after the infants were out of the hospital. The measurements of control infants ages 2-4 mo were conducted in the infant laboratory. Details are in SI Materials and Methods.
Data Analysis. We detected periods containing motion artifacts in the oxyand deoxy-Hb time series data and excluded them from hPod analysis. The method of exclusion is detailed in SI Materials and Methods. Then, oxy-and deoxy-Hb time course signals were filtered through a frequency band of 0.05-0.1 Hz using a fast Fourier transform (FFT) to remove physiological noise (e.g., heartbeats and respirations) and measurement noise (e.g., slow signal drifts and high-frequency noise). The effect of band-pass filtering on hPod is also described in SI Results (Figs. S2 and S3 ).
Calculation of hPod. To obtain instantaneous phases of the signal, a Hilbert transformation was applied as follows:
wheresðtÞ is a Hilbert transform of sðtÞ. Instantaneous phase θðtÞ is then calculated as θðtÞ = arctan sðtÞ sðtÞ ! .
[2]
The phase difference between the instantaneous phases of oxy-and deoxyHb signals was calculated as follows: ϕðtÞ = θ oxy ðtÞ − θ deoxy ðtÞ.
[3]
Then, the hPod was determined using the following equation:
where r is the strength of the phase difference. and hPod is the time average phase difference between oxy-and deoxy-Hb changes. Finally, the channel-averaged values of hPod were obtained. where n and K are parameters to be fitted to the curve of SO 2 (n = 2.5 and K = 25 for adults and n = 2.5 and K = 20 for newborns as shown in Fig. S4 (Fig. S6A) . Furthermore, the shift of SO 2 curve of Hb from fetal to adult pattern, which is expressed by changes in values of K, leads to more contribution of r 1 ðiÞ to antiphase hPod value (Fig. S6 B-D) .
